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VIR Sensitivity during O3a

BNS range: Median distance to the merging neutron stars (masses 1.5-1.5)
binary which produces GW signal with signal-to-noise ratio (SNR) = 8
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UG
VIR Performance of detectors

Duty factor: Percentage of wall-clock time that
detector is in observing mode

0O3a Duty factor (03/02) Uptime
Hanford: 71162% 130 d
Livingston: 76 /61% 139 d
Virgo: 76 / 80% 140 d

Network duty factor
[1238166018-1253977218]

Triple interferometer [44.5%)]
Double interferometer [37.4%]
Single interferometer [15.0%)]
B No interferometer [3.2%]
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VIRG Instrumental artifacts

THE ART OF NAMING GLITCHES

Glitches: Short duration instrumental artifacts
that add excess noise to the interferometer
strain data

Common sources of glitches include:
e Scattered laser light

e Thunderclaps

e FEarthquakes

When possible, we subtract glitches with the
BayesWave algorithm near GW candidates for

100
parameter estimation:

e Subtraction excess of power using
10

wavelets decomposition

Frequency [Hz|

e Simultaneous fit for glitches and signal

Blip glitches: unknown origin

-1.0 —-0.5 0.0 0.5 1.0
Time [seconds]

GW 190701_203306



https://doi.org/10.1088/0264-9381/32/13/135012

i : :
VIRG Glitch rate and calibraton

LIGO: increase in the glitch rate, Virgo decrease in glitch rate
Livingston: daily cycle of scattered light - tied to ground motion driven by human activity
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Calibraton uncertainties:
e Transformation of optical readout into GW

strain
e A photon calibrator, a laser that pushes on the

test masses with a known force, is used as an
absolute reference

-8 » = Median == lo Uncertainty ¢ Measurements

|R(sample)/R(MAP)| - | [%]

10! 10? 10°

e Modelling systematic uncertainties (spline) and
Frequency [Hz|

marginalized over in parameter estimation




VIRG Detection strategy

Offline Reanalysis 39 events reported in the GWTC-2
Low-latency (s/min) (days/months) False Alarm Rate (FAR) < 2/year
-
time
o
<@
(D)
3 > Coherent WaveBurst Coherent WaveBurst
g
=)
13 additional
candidates found
GstLAL in offline analyses
GstLAL
o PyCBC
o)
3 2N\
IS PyCBC
= MBTAOnline
SPIIR ...containing 26
low-latency
candidates
33 candidates reported in > confirmed
low-latency via GCN...
25 :




wk@ Modelled, grid-based search

A02

Assuming the circular orbits

X1 Ly X2

Aligned-spin system

(m1x1 + maX2) - iN
M

Xeff =

O We want to cover the parameter space (N-dim) by grid
of points at equal distance from each other.

O Grid: not too coarse, not too fine

O The distance is determined not by a coordinate
distance but by “proper” distance — correlation
between nearby templates: introduce interval and
metric

SNR threshold: 4 in a single detector - basis for GW
candidate + GW consistency check + data quality

Template bank for GstLAL Template bank for PyCBC
e Tk 1 - 400 solar masses ® m, > 1 solar mass
o m. . .:2-758solar masses o m. ., <500 solar masses
e (Anti-) aligned spin ® mass ratio < 98
e ~1.7 million templates e (Anti-) aligned spin
e ~400,000 templates
1




LIG
VIRFﬁ Estimating significance of candidates

Events in GWTC-2 passed the false alarm rate (FAR) threshold of 2 per year. This means we
could have up to ~3 false alarms mixed in our event list.

To guide us, we include statistical measures of the false alarm rate and probability of BBH
astrophysical origin.

N(A > A*
( — ) pastro- for events consistent with BBH from
T Poisson mixture model formalism

FAR =

BT e e e Py Sl b RO ez e e DL D)

Number N of background events with
ranking statistic A higher than A
over experiment time T

10 J‘


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.023005

e (Candidate events highlighted in
red are the most likely to be noise.

e The candidate with the highest
FAR is GW190426. It was
previously reported in low-latency
as a possible neutron star-black
hole event.

e (Candidates in bold were not
previously reported.

e C(Candidate events highlighted in
yellow were found in only one
detector. Thus they have larger
uncertainties in the FAR.

Summary Of GW events

Name c<WB GstLAL PyCBC PyCBC BBH
FAR (yr~!) SNR® FAR (yr™!) SNR pastro FAR (yr™!) SNR® pastro FAR (yr~!) SNR* pastro
GW190408_181802 HIV < 95x107* 148 <1.0x107° 147 1.00 <25x107°135 1.00 <79x107° 136 1.00
GW190412 HLV < 95x107%19.7 <1.0x107°189 1.00 <31x107°179 1.00 <79x107°17.8 1.00
GW190413_052954 HLV - = < = = = = - 72x107%2 86 098
GW190413_134308 HLV - 2 38x107! 100 095 - - -~ 44x1072 90 098
GW190421_213856 HL30x10"! 93 7.7x107% 106 1.00 1.9x10° 102 0.89 66x10~% 102 1.00
GW190424 180648 L 7.8 x 107t 10.0 0.91
GW190425 LV 7.5x 1074 130 -
GW190426_152155 | HLV - - 1.4 x 10° 10.1 - - - S - -
GWIO0503_185404 HLV 1.8x 1073 115 <1.0x1075121 1.00 3.7x1072 122 100 <79x10°% 122 1.00
GW190512.180714 HLV 88x10~! 107 <10x107°123 1.00 38x107° 122 100 <57x107°122 1.00
GW190513.205428  HLV - - <10x1075123 1.00 3.7x107* 118 100 <57x10°°11.9 1.00
GW190514_065416 HL - = - = - 53x10°! 83 096
GW190517.055101 HLV 65x 102 10.7 96x107* 106 1.00 1.8x10"2 104 1.00 <57x107510.2 1.00
GW190519.153544 HIV 3.1x10™% 140 <1.0x107°120 1.00 <1.8x107°130 1.00 <57x107°13.0 1.00
GW190521 HLV20x10™¢ 144 12x107% 147 1.00 1.1 x10° 126 093 - = =
GW190521_074359 HL <1.0x 1072247 <1.0x1075244 1.00 <1.8x107524.0 1.00 <57x10°524.0 1.00
GW190527_092055 HL - - 62x1072 89 099 - - = = B =
GW190602.175927 HLV 1.5x1072 11.1 1.1x107° 121 1.00 - = = 1.5x1072 114 1.00
GW190620_030421| LV 29x 107" 10.9 1.00
GW100630_185205 LV < 1.0x 1075 15.6 1.00
GW190701.203306 HLV 55x10~! 102 1.1x10"2 11.6 1.00 - - S E E
GW190706.222641 HLV <1.0x10°127 <10x107°123 1.00 6.7x107° 117 1.00 <46x107°123 1.00
GW190707_093326 HL - - <1.0x107%13.0 1.00 <1.0x107°128 1.00 <46x107°128 1.00
GW190708_232457| LV 2.8 x 1075t 13.1 1.00
GW190719_215514 HL - = = = = = = = 1.6 x 10° 80 082
GW100720_000836  HLV - - <10x107%11.7 1.00 <20x107°106 1.00 <3.7x10°°105 1.00
GW190727.060333 HLV 88x1072 114 <10x107°123 1.00 35x107% 115 1.00 <3.7x107°11.8 1.00
GW190728_ 064510  HLV - - <10x1075136 1.00 <1.6x10-5134 1.00 <3.7x10°5134 1.00
GW190731_140936 HL - = 21x10"! 85 097 - - - 28x10"' 82 096
GW190803_022701 HLV - - 32x107%2 9.0 099 - - - 27x1072 86 0.99
GW190814 LV <1.0x107°%222 1.00
GW190828_ 063405 HLV < 9.6x10~%16.6 < 1.0x107516.0 1.00 < 1.5x1075153 1.00 <33x10-5153 1.00
GW190828 065509  HLV - - <10x107511.1 1.00 58x10~% 108 1.00 <33x10°°10.8 1.00
GW190909_114149, HL - - 1.1x10° 85 089 - - - - - -
GW190910_112807| LV 1.9x 1075t 134 1.00
GW190915235702 HIV <1.0x10°123 <1.0x107513.1 1.00 86x107% 130 1.00 <33x10°°5127 1.00
GW190924 021846  HLV - —~ <10x1075132 1.00 <63x10°5125 1.00 <33x10°5124 1.00
GW190929_012149 HLV - = 20x1072 99 1.00 - - SO -
GW190930_133541 HL - = 58x 107! 10.0 0.92 34x10™2 97 100 33x10"? 08

0.99

\14



Separation —»

Numerical Relativity

Wavetorm modelling

Binary parameter space

Perturbation theory,
self-force

Mass ratio —» an

e We have observed only few last cycles
(heavy system)
® Merger: requires Numerical Relativity

* NRsurrogate: are built directly by interpolating
NR simulations.

e Highly accurate but limited in parameter space
and in lenght (~20 orbits)

0.06 [~ TG 00 = OO, = s IS T =25 -] 006

[Leor Barack]

[Varma et.al. 2019]

| | | | | |

q = 8.00, x1> = 0.48, xy2, = 0.75,t = 1.57, 9o = 5.03

- NR

= =+ NRHybSur3dqg8
| | | | | |

= SEOBNRV4HM

-3000 -2500 -2000 -1500 -1000 =500
t(M)

0.00

-0.06

0.08

0.00

-0.08




VIRG Wavetorm modelling

Real problem -- Effective problem EOB
S, I S [Buonanno & Damour 2000]
_____ 5 Effective-One-Body approach:
iy > mapping real two body dynamics onto
e motion of a test mass in the s/t of a deformed BH
Hreal my

. , | IMRPhenom
Region Ilag Region Ilb "m\ - Region lla Region lib
oo} i | 10} \ 2
" e s e 4 Phenomenological model:
1==\| uses PN at low frequency + analytic fit for merger
| e Generated in frequency, very fast

[Khan et al. 2018-2019; Garcia-Quiros et al. 2020, Pratten et al. 2020]

s M.




e [f spins are not aligned wrt orbital angular momentum:
o orbital precession around total momentum
e Signal = superposition of orbital harmonics,
o dominant is 2 x orb. freq.
o subdominant: higher order modes - beyond
quadrupolar approximation

Credit: Carl Rodriguez

[Babak et al. 2016; Cotesta et al. 2018, 2020, Ossokine et al. 2020]

0.50 N IMRPhenomPv3HM SEOBNRV4PHM ﬂ L 0.50
0.25 - \ -0.25
0.00 4 \/\/‘& -0.00
—0.25 1 V - —0.25
—0.50 - Unfaithfulness: 2. x 1072 “ Unfaithfulness: 8.5 x 103 L 0.50
—0.20 —0.15 —0.10 —0.05 0.00 —0.20 —0.15 —0.10 —0.05 0.00
Time (s) Time (s)

[Khan et al. 2020]

14
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VIR Wavetorm inventory

Combined key Waveform name Precession Multipoles (¢, |m|)
ZeroSpinIMR* IMRPhenomD X (2, 2)
AlignedSpinIMR SEOBNRv4_ROM X (2, 2)
IMRPh HM X 2,2),(2,1),(3,3),(3,2), (4,4), 4,3
AlignedSpinI]MRHM e (82 G 9, 18, Buld, ) 4 d)
SEOBNRv4HM_ROM X (2,2);.(2; 1),:13,3); (4, 4), (5, 5)
SEOBNRv4P v 2.2).(2 ¥
PrecessingSpinIMR Y 2,2, (2 1)
IMRPhenomPv2 v (2, 2)
IMRPhenomPv3HM v (2, 2), (2, 1), (3, 3), (3, 2), (4, 4), (4, 3)
PrecessingSpinIMRHM  NRSur7dq4 v £<4
SEOBNRv4PHM v (2, 2). (2, 1,13, 3); (4,4),.(5; 5)
/ \ IMRPhenomD _NRTidal X (2, 2)
. . TEOBResumS X (2, 2)
AlignedSpinTidal’
o SEOBNRvAT surrogate X (2,:2)
£
g PrecessingSpinIMRTidal’| IMRPhenomP_NRTidal v (2, 2)
i AlignedSpinInspiralTidal| TaylorF2 X (2, 2)
=
SEOBNRv4_ ROM_NRTidalv2_ NSBH X (2, 2)

AlignedSpinIMRTidal NSBH
} IMRPhenomNSBH X (2, 2)

\

1%
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VIR

Matched filtering and parameter estimation

3 Signal z Residuals
noise = data - signal i g
1F 1k
— 0 — 0
-1F -1 :
. 2
_3: lllllllllllllll
4 —4 2 0 2 4
Data
3 3 : — e ——r — 3
; é' ;
2r 2F . 2
1 1F 2 _ 1
0 0 \/\ _— 0
-1 : -1r - 1
B P :
P L A | P S
-4 2 0 2 4 —4 2 0 2 4 4 2 0 2 4
3: .........
1 _-
— == 0
=1 :
(Credits: M. Vallisneri) 2f j
) _3'4...12...(1)...5...4 l
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VIRC Matched filtering and parameter estimation
Signal 3 Residuals
noise = data - signal T ?
Data

0. Co

K " maximum likelihood | | |

i o | _ _testimate | _tleast noisy _
(Credits: M. Vallisneri) :;

4 _3‘:4 -|2 0 2 4 ‘l




Whitened H1 Strain / 10~2!

Whitened L1 Strain / 102!

10}
0.5}
0.0}

—05}

10k
15}

1.0}
0.5}

—0.5
-1.0
-1.5

16 -0.25
| ° -0.50 -
0.0 e AWaA e do £

i | L -0.75 -

l\’ ¥ -3
- Il Wavelet -1.00 -
- 1 BBH Template 1-¢ '
25 0.30 0.35 0.40 0.45

0.

Likelihood

Bayesian approach

Prior

Posterior p(d) R Evidence

[GW150914, LSC+VIRGO PRL (2016)]
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ViR Source parameters

GW190408_181802 §~—
GW190412 <
GW190413.052954 <@p—
GW190413-134308  <@—
GW190421. 213856  <—
GW190424_180648  <P——

e LALlnference, Bilby, and RIFT GW190425 |

: GW190426_152155 ¢
samplers used to produce posterior ewiser s RS
’._

samples. GW190512_180714 ©
GW190513-205428

oS
GW190514.065416 < >——
GW190517.055101 < >—
<
&=

5 o . GW190519_153544
e Fiducial results are combined CW100521

. : GW190521_074359 -
posteriors under different cwioussr ososs SN

Wavef orm models. GW190602_175927
GW190620.030421

-
B—
GW190630_185205 <)~
GW190701_203306 <>—
B
-
>

5 GW190706-222641
e Posterior samples from all runs are Do o e

1 1 GW190708-232457
now publicly available. | St
Q_

GW190720-000836
GW190727.060333  <>—
GW190728.064510 {—
GW190731.140936 <O—
GW190803.022701  <—
GW190814 4
GW190828.063405 -
GW190828.065509 <@—
GW190909.114149 —~<@p=—r
GW190910.112807  <@—
GW190915235702 p—
GW190924.021846 §—
GW190929.012149
GW190930_133541 $—

0 50 100 0 50 100 0.0 0.5 1.0 -1 0 1 0 3 6
my /M, mo /M, q Xeff Dy /Gpe
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VIR Source parameters
Equal
masses 1.0 7 | T m,<m,
i | \
GW190425 | ‘ NI
i '\‘ LC'; \ || \ “ ‘
0.8 - ® é || \ | \
LBl e ‘ | \ .'lc) iy
O \\\\ % &)" \ “ \ lll I
o 0.6 - O?& .?3 é l \ ,'(l\ \} Q' |
= s L 82 E’é LN W |
SN e I\ I
2 2o B\ \E \‘:;;/ |
(4] > \, & \ A Lo '
& )4 = 1 \ &' 4
, @, ;.,\’,’ K
3 MY | awigosel
H d} ‘
®/ N\,
024 &/ %
I/ s, . OW1o0412
Preql S/ Gwiooaze 15215  OWIBM e my =gy
masses 0.0 ' =TT | | =T " "1 e
2 4 7 10 20 4() 70 100 200 400
M /M

total (source) mass (solar masses)
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VIR

the more (less) massive component

GW190412
N 4
o e oo
N~ e
P - 0.8
//

© 7/, 60’ 4

/
| “1 '%

B

'|.. |

‘\h /'j

b / .

%A

Cj‘\.\ / o

\
\\
\"\, R
°0$31.\ — = — OQ(‘Q\
S /(Gm?) 081

pins

Left (right) halves of the circles are shaded in proportion to posterior on spin magnitude and tilt of

GW190517_055101
0
o
\ B 0.3
. A 0.6 -
S : 2,
/ e | :
) - 0.2 |
. [magnitude 3
3 - 00 1 =
\ : /.
. A
C}:\\\ 1 // o
N 7
S B
cSi/(Gm?) o081 o081 cS2/(Gm3)
GW190720_000836
LA o
%Qt/"/ \ 300
Sl/‘
//
Q 1"
21

massive merger
component.

In some cases we find
AN tighter constraints on
.| the spin of the more

<
Ogr ~—_

b, /(Gm?) 081
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LIG .
VIRG Precession?

1.0
e A few systems where posterior on effective precession
spin parameter Dp (measure of spin in orbital plane) 0.8 -
differs from the prior.
e More massive component in source of GW190814 has 0.6 -
small spin magnitude, and therefore we infer small :
effective precession spin parameter. <

e Mild evidence for spin precession in sources of
GW190412 and GW190521.

e No systems with strong evidence of precession with
the models considered in this work.

22



https://arxiv.org/abs/2010.14527

AG
VIRG

GW190412

Parameter® EOBNR PHM Phenom PHM Combined
my /Mg 2 W ) 28.11;8 0.0
my /Mg 80105 8.8"3 3.3135
M/M, 39. 7+3 0 36. 9+3 7 38.4735

LVC 2020 GW190412

GW190412
qD 0!0
§
0.8
2 0.6 -
@;’ )
‘ - 04 -
;" - B2
[
T 0.0
|
N
\
OQ;[ 2 | ey -
¢S, /(Gm?) 0% 31

e Log, (Bayes factor) > 3 in favour of higher order modes (beyond quadrupole)

e Tilt angle ~45.8 deg, y,~ 0.44

e Good localization ~21 deg?, V,

00, ~ 0.037Gpc’

e Questions of formation: densed env., triple or quadruple system, evolution in AGN

disk
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Heavier than typical Galactic BNSs: dynamical formation?

Bad localization

Distance 0.16Gpc - 4 times further than GW170817
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e Pair-Instability mass gap: production of electron-positron pairs in the
stellar core softens the equation of state, removing pressure support
e ignition of oxygen/silicon - explosion-like burning
e pulsating instability: removing stellar envelope
e Above mass gap: direct collapse to BH

e Zwicky Transient Facility observed an optical flare (ZTF19abanrhr),
interpreted as coming from the kicked GW190521 BH merger remnant
moving in an AGN disk 25
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® Source parameters: m,=2.6 M__ ,q=0.11

e Best localization: 19 deg?, V

= 5 3
o00,= 3-2x10™ Gpc

e Challenges in formation of such system
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e Lightest BH? could be...
e Heaviest NS?

o rapid rotation, stiff EOS
e Exotic object?
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https://iopscience.iop.org/article/10.3847/2041-8213/ab960f
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VIRG/ Summary

e We have reported on 39 new GW events from O3a (1 Apr 2019 - 1 Oct 2019):
to be added to 11 events reported from O1-O2

® Three binaries with m,<3M_ : might include first BHNS

e Several interesting “special cases” including compact objects in lower and
upper mass gap

e Merging BHs in GWTC2 are more massive and further away

e Very mild evidence for precession, but strong evidence for higher order
modes in asymmetric binaries
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